G lucocorticoids (GCs) acting through their receptor, the glucocorticoid receptor (GR), have widespread effects on gene expression in most cells and tissues. Notably, their metabolic, anti-inflammatory, and immunosuppressive actions can be either beneficial or detrimental, depending on the context. Another important aspect of the critical actions of GCs is regulation of cell proliferation. Indeed, GCs regulate cell proliferation, either positively or negatively, depending on cells and tissues or on concentration. In many tissues, GCs stimulate growth at low concentrations, but block cell cycle progression at high concentrations (for reviews, see Refs. [1] [2] [3] . Under pharmacological conditions such as treatment with the synthetic GC dexamethasone (Dex), a reversible block in the G 1 phase of the cell cycle leads to a relative enrichment of cells in the S phase. A few mechanisms and target genes have been proposed to account for this cell cycle arrest, including GC-dependent repression of positive regulators of cell cycle progression such as cyclin D3 and c-myc together with GC-dependent activation of cell cycle inhibitors such as p21
Cip1 and p27 Kip1 . These seemingly direct effects of GCs on cell cycle regulators are complemented by antagonistic cross talk between GCs and p53 and with positive regulators of cytokine production such as the transcription factors AP1 and NF-B (4 -8) . These cross talks and GC antiproliferative effects have been particularly studied in inflammation and immunity.
GCs are produced by the adrenal glands in response to pituitary ACTH, and they exert negative feedback on both pituitary corticotrope cells and on hypothalamic CRH neurons. This negative feedback is in part exerted on secretion of granule-stored ACTH in corticotropes and hypothalamic CRH as well as on the transcription of pituitary POMC and hypothalamic CRH genes (9) . In the pituitary, GCs also block corticotrope cell cycle progression, and the loss of this repressor mechanism probably contributes to the development of corticotrope adenomas causing Cushing disease (CD).
Direct assessment of gene expression in these adenomas together with investigations of the mechanisms underlying GC repression of POMC have identified a number of misexpressed cell cycle regulators as well as oncogenes and tumor suppressors. Indeed, about 75% of corticotrope adenomas exhibit aberrant expression of cyclin E (10), whereas about 50% are marked by the loss of expression of the cell cycle inhibitor p27 Kip1 (CDKN1B) (11, 12) . Other subsets of adenomas exhibit a loss of p21 Cip1 (CDKN1A) or of the tumor suppressor BRG1 (13) . Although each of these misexpressed genes may represent independent "hits" that contribute to adenoma development or maintenance, the causal relationships with normal GC-dependent arrest of cell cycle progression and its disruption due to the GC resistance that characterizes corticotrope adenomas remain undefined. Recently, exome sequencing of corticotrope adenomas identified mutations in the deubiquitinase gene USP8 in 40% to 60% of patients with CD (14 -16). These ubiquitin-specific protease 8 (USP8) mutations are clustered around a 14 -3-3 regulatory binding site, and the resulting gain of deubiquitinase activity may lead to persistent epidermal growth factor (EGF) signaling and increased POMC gene expression (15) . The relationship between deregulated EGF signaling, GC resistance, and cell cycle progression remains unexplained.
We now report on the identification of GC-responsive cell cycle regulatory genes in a pituitary corticotrope model cell line, the AtT-20 cells, and in particular, on the characterization of one GC-activated cell cycle regulator, Cables1. Whereas gene profiling analyses of AtT-20 cells after GC treatment identified target genes previously associated with GC control of cell cycle progression such as myc and Gadd45 genes, the rapid induction of Cables1 gene expression is novel. Further, the Cables1 locus includes putative enhancer elements that are targets of the pituitary-restricted transcription factors Pitx1 and Tpit as well as GR. We further report on the major effect of Cables1 expression on AtT-20 cell proliferation, which appears to result from a block in the G 1 phase with accumulation of cells in the S phase. Finally, Cables1 expression is lost in about 55% of corticotrope adenomas, and this loss strongly correlates with the loss of p27
Kip1 expression. Taken together, these data identify Cables1 as a major regulator of cell cycle progression in corticotrope cells and suggest that it may be a hub to integrate various cell cycle regulatory processes for control of proliferation.
Materials and Methods
Cell culture, transfections, and small interfering RNA (siRNA) knockdown D16v cells were grown in DMEM supplemented with 10% fetal bovine serum as described previously (17) . Control and Cables1 Smartpool siRNAs were obtained from Dharmacon and introduced into AtT-20 cells using Lipofectamine as described previously (18) . Cables1 protein levels were assessed by Western blot using a rabbit antibody (sc-14794; Santa Cruz).
For RT-quantitative PCR (qPCR), RNA was extracted using RNeasy columns (QIAGEN), and cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions. qPCR was performed using PerfeCta reagent (Quanta) on an MX-3005 device (Stratagene). All quantifications were relative to TBP mRNA using the following primers: Cables1, 5Ј-AAGGTCGGAAGTGACCTCAGAAAG-3Ј and 5Ј-CAAACTCCAAGGCCACTAACACTG-3Ј; Gadd45␤, 5Ј-GACATTGACATCGTCCGGGTATCA-3Ј and (TGTATG ACAGTTCGTGACCAGGAG-3Ј; Gadd45␥, 5Ј-CTGAATG TGGACCCTGACAATGTG-3Ј and 5Ј-TTCTCACAGCAGA ACGCCTGAATC-3Ј;L-myc,5Ј-CCAGCGATTCTGAAGGTG AAGAGA-3Ј and 5Ј-TGATGGTGACTGGCTTTCGGATGT-3Ј; N-myc, 5Ј-AGCGACTCAGATGATGAGGATGAC-3Ј and 5Ј-TTACCGCCTTGTTGTTAGAGGAGG-3Ј; and TBP, 5Ј-CCGTGAATCTTGGCTGTAAACTTGACC-3Ј and 5Ј-TCTT GGCTCCTGTGCACACCATTT-3Ј.
Genomic analyses
Expression profiling of AtT-20 cells after treatment with 10 Ϫ7 M Dex for 3 or 18 hours was described previously (17) , and the data are available using Gene Expression Omnibus (GEO) accession number GSE19042. Similarly treated AtT-20 cells were also analyzed by RNA-sequencing (RNA-Seq) technology.
High throughput sequencing of chromatin immunoprecipitation (ChIP-Seq) was performed as described previously (19, 20) using homemade antibodies against Tpit and Pitx1 (described in Refs. 21, 22) or commercial antibodies for GR (sc-1004; Santa Cruz) and phosphoserine 5 RNA polymerase II (Ser5-Pol II) (2532; Abcam). Data analysis was performed as described previously (19, 20) .
Fluorescence-activated cell sorting and immunohistochemistry
The distribution of cell cycle phases was determined with propidium iodidestained AtT-20 cells using established procedures on a FACSstar instrument operated by the Institut de Recherches Cliniques de Montréal Cell Sorting Facility. Human corticotrope adenoma sections obtained after surgery of patients with CD were paraffin-embedded and assessed by immunohistochemistry as described previously (13) using Cables1 antibody (ab75535; Abcam). p27 kip1 expression data for this adenoma set was as described previously (12) . The use of human CD samples in the present work was approved by the Human Ethics Committees of Institut de Recherches Cliniques de Montréal and of Assistance PubliqueHôpitaux de Marseille.
Results

GC-regulated cell cycle genes
GCs are potent inhibitors of pituitary corticotrope cell proliferation and, in particular, the growth of the corticotrope model cells (AtT-20) is inhibited by GCs. This inhibition is almost complete as shown by the almost complete failure of AtT-20 cells to proliferate in presence of the synthetic GC Dex ( Figure 1A ). We used RNA expression profiling data to identify cell cycle regulatory genes that are regulated by GCs. Gene expression data were obtained after treatment of AtT-20 cells with Dex for either 3 or 18 hours; these data were published previously (17) . The microarray data identified the L-myc, N-myc, and E2F2 genes, 3 positive regulators of cell cycle that are repressed by Dex treatment at both time points ( Figure 1B) ; the data also identified 3 negative regulators of cell cycle progression, Cables1, Gadd45␤, and Gadd45␥, for their activation after 3 hours of Dex treatment ( Figure 1C ). ] ) cells: Cables1, 3 hours (P ϭ 1.5EϪ05) and 18 hours (P ϭ .66); Gadd45␤, 3 hours (P ϭ 6.2EϪ06) and 18 hours (P ϭ .06); Gadd45␥, 3 hours (P ϭ 1.02EϪ07) and 18 hours (P ϭ .48); L-myc, 3 hours (P ϭ .0004) and 18 hours (P ϭ .07); and N-myc, 3 hours (P ϭ .0006) and 18 hours (P ϭ .009). E, CABLES1 protein levels after treatment of AtT-20 cells for 3 and 18 hours with Dex assessed by Western blotting and quantitated (top panel) relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). F, Summary of reported Cables1 regulation discussed in text. doi: 10.1210/jc. press.endocrine.org/journal/jcem
These microarray data were confirmed by RT-qPCR analyses ( Figure 1D ). In view of the well-documented role of myc genes in regulation of cell cycle progression, the repression of Lmyc and N-myc expression by Dex supports the idea that these genes contribute to maintenance of the cell cycle in cultured AtT-20 cells and, consequently, that their repression by Dex would likewise contribute to inhibit proliferation. The role of the cell cycle inhibitors GADD45␤ and GADD45␥ is also well established (23) (24) (25) and, moreover, it was shown that expression of GADD45␥ is often lost in pituitary tumors and particularly in ACTH-producing corticotrope adenomas (26) . The implication of Cables1 in pituitary cell cycle control has not been observed before, and we further assessed its importance for GC inhibition of corticotrope growth.
The transient effect of Dex on Cables1 mRNA ( Figure  1 , C and D) led us to ascertain the effect of Dex on CA- BLES1 protein expression at different times after Dex addition: we found that CABLES1 protein is increased about 2-fold at both 3 and 18 hours ( Figure 1E ) despite the 3-hour transient increase in mRNA ( Figure 1D) . CABLES1 was previously shown to inhibit cell cycle progression through its action on Cdk2 (27) , and its expression is frequently lost in many cancers (28 -31) . Recent evidence indicated that CABLES1 can also stabilize p21
Cip1 protein (31) and that CABLES1 levels are controlled by Akt phosphorylation and recruitment of 14 -3-3 (32) . CABLES1 thus appears to integrate various signals for control of cell cycle progression ( Figure 1F) .
The rapid effects of Dex on expression of these cell cycle control genes suggests that GCs and their receptor (GR) may have a direct effect on the genes. We further supported this idea using ChIP-Seq data for GR and for the activated form of RNA polymerase II, Ser5-Pol II, that accumulates at the transcription start site (TSS) of regulated genes (33) . For both Gadd45 genes, the peak of Ser5-Pol II was greater after 30 minutes of Dex treatment than that for the control (Figure 2, A and B) , consistent with a rapid action of GC on transcription as further supported by RNA-Seq data of AtT-20 cells treated with either Dex or CRH (Figure 2, D and E) . Further, both have GR binding peaks downstream of the gene, at ϩ4.4 and ϩ8 kb for Gadd45␤ and at ϩ7.3 and ϩ19.3 kb downstream of the Gadd45␥ gene, that may be responsible for GC regulation; the Gadd45␤ gene GR peaks at ϩ8 kb and the Gadd45␥ press.endocrine.org/journal/jcemgene GR peaks at ϩ19.3 kb, coincide with peaks of the pituitary-specific factors Tpit and/or Pitx1 ( Figure 2 , A and B). Further work is needed to determine the specific target sequences for GC activation, but the rapid (30-minute) increases in Ser5-Pol II at the TSS of these genes after Dex ( Figure 2 , A and B) clearly supports a direct transcriptional response to GC. We also observed an increase in Ser5-Pol II at the TSS of the Cables1 gene after 30 minutes of Dex ( Figure 2C ), in agreement with the RNA-Seq data showing increased Cables1 transcripts at 3 hours after Dex, but not CRH, treatment ( Figure 2F) . Interestingly, the ChIP-Seq data revealed 2 putative regulatory sequences that may contribute to Cables1 expression in pituitary corticotropes as well as to GC activation. Indeed, a putative tissue-specific enhancer that binds both the pituitary-restricted factor Pitx1 and the POMC lineage control factor Tpit is located at Ϫ14.3 kb, whereas another putative enhancer at Ϫ72.3 kb exhibits strong peaks of Tpit and GR binding ( Figure 2C) . The latter represents a likely target of GR action for activation of Cables1 expression in response to GC.
Cables1 is a critical regulator of AtT-20 cell growth
To assess the importance of Cables1 for regulation of AtT-20 cell proliferation, we used siRNAs to knock down its expression. The growth of AtT-20 cells was greatly accelerated in cells in which Cables1 expression is knocked-down in comparison to cells transfected with a control scrambled siRNA ( Figure  3A) . The effect on growth was ascertained by labeling cells in mitosis using immunohistofluorescence against phospho-histone-H3 (Figure 3B) . Quantitation of these data indicated a significant increase in the number of mitotic cells in Cables1 siRNA-treated cultures compared with that of the control (Figure 3C) .
We further assessed the distribution of AtT-20 cells in different phases of the cell cycle in control and Cables1 siRNA-treated cells by FACS ( Figure 3D ). The shortening of the S phase ( Figure 3E ) in cells with reduced levels of CABLES1 ( Figure  4A ) is consistent with the purported role of CABLES1 as a negative regulator of the cdk2 complex and of the G 1 /S phase checkpoint. These data indicated that Cables1 knockdown reduces the length of the S phase relative to those of other cell cycle phases (Figure 3, D and E) . We further assessed the importance of Dex-induced Cables1 expression in inhibition of AtT-20 cell growth by attempting to reverse this effect using Cables1 siRNA. Quite strikingly, the growth inhibition produced by Dex was reversed by Cables1 siRNA which, on its own, led to increased cell proliferation (Figure 4B) . These data suggest that the regulation of Cables1 mRNA by GCs may be a critical step for GC regulation of corticotrope cell growth.
Loss of Cables1 expression in corticotrope adenomas from patients with CD
Given the importance of Cables1 expression of the control of AtT-20 cell growth, it is interesting to assess CABLES1 expression in corticotrope adenomas that cause CD. CABLES1 protein expression is detectable in normal human pituitary and in a subset of corticotrope adenomas obtained after surgery ( Figure 5A ). CABLES1 expression was assessed by immunohistochemistry in a panel of 31 corticotrope adenomas (12, 13) ; clinical data for the patients are provided in Supplemental Table 1 . Thus, 3 samples were found to have weak CABLES1 expression (Figure 5B) , and 17 adenomas had undetectable CABLES1 ( Figure 5C ). Overall, 55% of the corticotrope adenoma samples have completely lost CABLES1 expression, whereas about 40% retain expression ( Figure 5D ). Because Cables1 is an upstream regulator of p27 Kip1 , it was interesting to assess the relation between the loss of CABLES1 expression in corticotrope adenomas with expression of p27 Kip1 . Interestingly, the loss of CABLES1 expression is strongly associated with the loss of p27 Kip1 expression as observed for both the CABLES1-negative press.endocrine.org/journal/jcemand CABLES1-weak group of adenomas in contrast to the group of CABLES1-positive samples ( Figure 5E ). This unique correlation contrasts with the absence of correlation between CABLES1 protein levels and those of either cyclin E, BRG1, or HDAC2 ( Figure 5E ).
Discussion
The present study has identified multiple targets of GCs/GR for inhibition of corticotrope cell proliferation, namely, GC repression of positive regulators and activation of at least 3 negative regulators of proliferation. These multiple targets of GC action probably provide regulatory robustness to ensure efficient control of proliferation. Conversely, these multiple targets are likely to be somewhat redundant with each other, eg, the 2 Dex-repressed Myc genes. These basic observations support the idea that multiple genetic and/or regulatory disruptions will be needed to transform a normal Dex-repressed corticotrope into a Dex-resistant corticotrope adenoma cell.
As for a large number of Gc-activated genes, the activation of Gadd45␤, Gadd45␥, and Cables1 genes appears to reflect the direct action of GR on those genes as indicated by the presence of genomic GR recruitment sites at putative enhancers of these loci and by the rapid (30-minute) increase in the amount of activated RNA polymerase II (Ser5-Pol II) at the gene promoters (Figure 2, A-C) . In contrast and in agreement with prior work on the mechanism of GR action (19) , Dex repression of the Myc genes could not be associated with direct genomic binding sites of GR; the repressor activity of GR may be mediated by a secondary effector.
Despite the apparent redundancy of GC regulation of proliferation revealed through this study in AtT-20 cells, it is striking that knockdown by siRNA of CABLES1 protein results in a dramatic increase of proliferation (Figure 3 ). The reversal of this effect by Dex and of the Dex repression of proliferation by knockdown of Cables1 is as dramatic and clearly indicates that in AtT-20 cells, CABLES1 is a major determinant for cell proliferation.
Cables1 thus has a dominant role in control of proliferation of these transformed cells that were established in culture more than 50 years ago from a mouse pituitary tumor (34) . It is noteworthy that the AtT-20 cells were established in culture with the objective of maintaining the differentiated phenotype together with the ability to be immortalized. These cells are thus likely to have lost some of their normal mechanisms for control of proliferation, but not all, and they have, in particular, maintained sensitivity to GC control of proliferation.
In this context, it is possible that the dominant role of Cables1 on proliferation may be more prevalent in AtT-20 cells than in normal corticotropes. This view is supported by the relatively normal pituitary development and cell composition of Cables1 knockout mice up to 1 year of age (data not shown). Normal mouse corticotropes may thus require more than loss of Cables1 to exhibit deregulated cell growth, and the situation may be similar in humans. The normal human pituitary exhibits CABLES1 expression by immunohistochemistry in most cells ( Figure 5A ), and this is consistent with mouse gene expression profiling data performed on isolated cells of each pituitary lineage (data not shown). It is thus significant that 55% of human corticotrope adenomas have lost expression of CABLES1 with an additional 10% that have weak expression ( Figure  5D ).
The loss of CABLES1 expression is strongly correlated with the loss of p27
Kip1 expression because all but one of the CABLES1-negative adenomas had either undetectable or weak p27 Kip1 expression ( Figure 5E ). This correlation is stronger than any correlation observed previously (12, 13) in the same panel of corticotrope adenomas for expression (or loss of expression) of BRG1 and HDAC2 and/or with the gain of cyclin E expression ( Figure 5E ). It is thus unlikely to be coincidental and indeed, the loss of CABLES1 in mouse embryonic fibroblasts was shown to result in decreased p27 Kip1 together with p16 INK4 and cyclin D1 (35) . Further, expression of CABLES1 is strongly correlated with p21 Cip1 in lung cancer (31) .
A subgroup of p27 Kip1 -negative adenomas retain CABLES1 expression but almost never the opposite, thus suggesting that the loss of CABLES1 may have an incremental effect on the loss of p27 Kip1 expression. Nonetheless, the loss of expression of either gene may represent independent events during the process of adenoma formation. The analysis of this small group of 31 adenomas did not reveal any other correlation: in particular, the study samples included 9 larger macroadenomas, and these did not show a significantly higher frequency of the loss of either CABLES1 or p27 Kip1 . Similarly, we did not find significant associations between the loss of CABLES1 expression and the loss of BRG1 or HDAC2 or with the expression of cyclin E ( Figure 5E ). The available data on Cables1 action ( Figures 1F and 6 ) are consistent with the associated decreases in p27 Kip1 (35) . In addition, Cables1 normally stabilizes p21 Cip1 through inhibition of its degradation by the proteasome pathway and p21
Cip1 , which is expressed in adult but not fetal pituitary (36 -38) , was suggested to have tumor suppressor activity in some pituitary tumors (37) . The loss of CABLES1 may thus contribute to deregulated cell growth by destabilization of p21 Cip1 and down-regulation of p27 Kip1 .
It was recently found that Cables1 stability is regulated by Akt phosphorylation and 14 -3-3 binding to 2 phosphorylated sites (32) . The USP8 mutations recently identified in Cushing adenomas were associated with increased deubiquination and recycling of the EGF receptor (15) . It is interesting to speculate whether the USP8 deubiquitinase may also affect CABLES1 stability or its action. However, the phosphorylated sites associated with 14 -3-3 binding in EGF receptor and CABLES1 are not very similar; indeed whereas the EGF receptor is phosphorylated by Erk1/2, the CABLES1 14 -3-3 binding sites are substrates for Akt (32) . Further work is needed to assess these possibilities.
In summary, the loss of CABLES1 expression may be an important contributing factor for development of corticotrope adenomas, and it may link the tumorigenic process with GC regulation of cell cycle progression.
